Summary
Introduction
The 2009 Institute of Medicine (IOM) Pregnancy Weight Gain Guidelines (1) have generated increased attention for managing weight gain during pregnancy (2) (3) (4) (5) . Energy intake is a controllable variable that influences changes in weight during pregnancy. Therefore, many interventions for pregnant women prescribe energy intake recommendations. In order to determine adherence to a prescribed dietary intervention in pregnancy, energy intake is most commonly evaluated from a self-report instrument (2) (3) (4) (5) . Unfortunately, self-reported energy intake has been repeatedly demonstrated to be unreliable and, therefore, is an invalid tool to evaluate adherence to dietary recommendations (6, 7) .
Validated dynamic differential equations based on the energy balance model have been successfully applied to determine energy intake in non-pregnant adults during weight loss and weight gain (8) (9) (10) (11) . Here, for the first time, we apply a systems model based on the first law of thermodynamics for gestational weight gain (12) to estimate energy intake in over 1,300 pregnant women. The model was derived using first principles and the best available energy balance data measured in a large cohort of pregnant women (13) . The difference between dynamic model-predicted energy intake and self-report was defined as the degree of misreport. Using this measure of misreport, we identify demographic characteristics in individuals more likely to misreport during pregnancy. These conclusions can be used to improve patient guidance and adherence to lifestyle interventions during pregnancy.
Methods

Study subjects
This is a post hoc analysis of a study in which the original aim was to identify predictors for preterm delivery. The study was composed of four data collection phases. Data collected in the final two phases, where energy intake was assessed, were used for the current analysis. Women enrolled before 20 weeks of gestation that were seeking services from prenatal clinics in a southern US academic medical centre between January 2001 and June 2005 were eligible for enrollment. The dataset used for this study contained demographic variables required to simulate the dynamic energy balance model, which are age, height and pre-pregnancy weight (12) , self-reported energy intake derived from food frequency questionnaires administered between gestational weeks 24 and 29 recorded in kcal day À1 and potential predictors of dietary misreport, household income, level of education, number of living children at home, maternal age, parity and maternal health status.
Application of dynamic energy balance model to calculate energy intake
A systems model that predicts pregnancy weight gain in response to changes in energy intake and physical activity was previously developed and employed for this study (12) . The model requires input of age, pre-pregnancy weight and height. A weight graph trajectory is generated after entry of trimester-specific energy intake. The systems model is a nonlinear piecewise defined differential equation that was programmed into freely available JAVA® software http://www.pbrc.edu/research-and-faculty/calculators/gestational-weight-gain/ (12) . Because the systems model connects pregnancy intake to pregnancy weight gain, energy intake can be determined from knowledge of weight gain ( Figure 1 ). For this analysis, energy intake was adjusted until the predicted pregnancy weight gain matched the reported pregnancy weight gain. The energy intake was held constant over the three trimesters because trimester-specific maternal weight was not available. As a result, the model-predicted energy intake represents an average gestational energy intake in kcal day À1 for each individual participant.
Calculation of misreported energy intake
Misreported energy intake was calculated as the difference between the model-predicted energy intake and self-reported energy intake from the food frequency questionnaire.
Statistical analysis
Weight regulation treatment often requires dietary intake prescriptions; thereby, knowledge of what individual characteristics will predict misreporting dietary intake is important. To this end, logistic regression in SPSS (IBM, Armonk, NY, 2012, USA) was applied to determine which measurable individual pregnancy variables predict higher degrees of misreported energy intake. Specifically, the variables pre-pregnancy body mass index (BMI) in kg m
À2
, baby's gender, gestational age in weeks at delivery, baby's birth weight, preterm or term birth, percent of 2001 poverty level, children currently living at home, employment status, maternal race, maternal age, maternal education level, number of previous known pregnancies, number of previous live births, number of previous known miscarriages, number of previous induced abortions, number of previous stillbirths, number of previous Obesity Science & Practice Misreported energy intake and pregnancy D. M. Thomas et al. 175 known preterm births, number of previous births that were small for gestational age, maternal height (cm), maternal pre-pregnancy weight (kg), gestational weight gain (kg), gained above, below or within the IOM recommended guidelines, diagnosed with gestational diabetes, diagnosed with pregnancy induced hypertension, diagnosed with pre-eclampsia, diagnosed with chronic hypertension and maternal pre-existing diabetes were tested as predictors for misreported energy intake.
Results
Study subjects
The original cohort was composed of 2,006 pregnant women. Because individual measures of age, height, pre-pregnancy weight and self-reported energy intake are required to simulate the model and calculate misreport, only those subjects that contained all data simultaneously were retained for this analysis. Dynamic models require input of accurate individual baseline data to provide an individual prediction necessitating restriction versus any attempt to impute missing data. This final dataset included 1,368 subjects.
Subjects were aged 29.4 ± 5.5 years, with pre-pregnancy BMI 25.6 ± 6.8 kg m À2 and 39% classified overweight and obese with BMI >25 kg m À2 (Table 1) . Average gestational weight gain was 15.2 ± 6.0 kg. Self-reported energy intake was 2180.5 ± 856.0 kcal day À1 . Ninety-six percent of subjects exceeded the IOM recommended weight gain limits. Higher variation in self-reported energy intake was observed in the overweight and obese BMI classifications (overweight: 2,235.0 ± 1,040.1 kcal day À1 , obese: 2,314.4 ± 1,214.4 kcal day À1 ) evidenced by higher standard deviation (Table 1) . 
Actual energy intake determined by the systems model
The average actual energy intake was 2,882.97 ± 135.71 kcal day À1 . There was no association (R 2 = 0.004, p = 0.43) between actual energy intake and self-reported energy intake ( Figure 2 ).
Predictors of misreported energy intake
A summary of variable coefficients, standard error and p value for all model covariates appear in Table 2 . The overall adjusted R 2 for the logistic regression model predicting misreport was 0.14. There were three types of covariates that were significant predictors of misreport. These were covariates associated with pregnancy complications or pre-existing complications, covariates that reflect socioeconomic status and covariates involved with body weight. From the complications category, pre-existing diabetes (β = 602.453. p < 0.001) and having gestational diabetes (β = 332.26, p = 0.008) were positively associated with higher degrees of under-reporting. Previous preterm birth was inversely correlated to misreporting (β = À>234.586, 0.012). Under the category of socioeconomic factors, higher maternal education level (β = 35.101, p = 0.003) and income levels reflected as the percent above poverty level (β = 0.424, p = 0.004) were positively associated with higher degrees of under-reporting. On the other hand, a higher number of children living at home were associated with improved reporting (β = À193.923, p = 0.001). Pre-pregnancy BMI (β = 93.686, p = 0.013), the baby's weight (β = 0.104, p = 0.017) and gestational weight gain (β = 10.086, p = 0.026) were positively associated with higher degrees of under-reporting.
Pre-pregnancy weight was inversely correlated to misreporting (β = À38.762, p = 0.005).
Discussion
Studies have found managing maternal energy intake to be an effective intervention approach to keep weight gain within the 2009 IOM gestational weight gain recommendations (1). Although objective energy intake measurements are necessary to counsel women, safe and effective approaches to determine energy intake during pregnancy remain elusive. To overcome these obstacles, we applied a validated systems model (12) based on the first law of Figure 2 Self-reported energy intake (kcal day
À1
) versus modelpredicted energy intake (kcal day À1 ). There is no significant correlation between self-reported intake and model-predicted intake (kcal day
). 
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Misreported energy intake and pregnancy D. M. Thomas et al. 177 thermodynamics to calculate energy intake from gestational weight gain. The model-determined energy intake was then applied to evaluate the validity of self-reported intake during pregnancy. On average, pregnant women in the study underreported energy intake. There was no correlation between self-reported intake and model-predicted intake. This is corroborated by the literature that demonstrates low correlation (R 2 ≤ 0.10) between self-reported and objectively measured energy intake in nonpregnancy (14) . Higher pre-pregnancy BMI, infant birth weight, household income and maternal level of education were associated with dietary under-reporting. This is surprising because populations with higher income and education levels are less likely to under-report in non-pregnant populations (15) . We hypothesize that during pregnancy there is strong incentive for women to practice healthy behaviours. As a result, selection of undesirable or unhealthy foods on the food frequency questionnaire may be omitted by pregnant women (16) . Women with higher socioeconomic and education status with better access to prenatal care may have an increased understanding of which foods are appropriate during pregnancy, feel more social pressure to conform to ideals (17) and may be more likely to not report highcalorie foods consumed. Additionally, we found that women with pre-existing diabetes or gestational diabetes pregnancy were more likely to under-report energy intake. This is particularly concerning because diet is important for controlling diabetes (18) .
Finally, women with more children living at home were more likely to accurately report energy intake. We speculate that additional children living in the home could result in more meals prepared and consumed at home, which could enhance the capacity of the mother to recall food intake on food frequency questionnaire. Furthermore, because misreporting was lower in women with a lower level of household income, we also speculate that these households are likely to receive nutritional support through supplemental nutritional programmes. This supports our idea that these women are preparing more meals at home, allowing for a closer approximation of intake against the food frequency questionnaire which could improve the capacity for women to more accurately recall food intake as these programmes provide more intensive discussions around diet quality and nutrition.
Although this is the first investigation into the evaluation of self-report of dietary intake during pregnancy, the accuracy of self-reported birth weights has been examined (19) . Women with higher levels of education and higher parity were more likely to misreport their children's birth weight (19) , consistent with our results. This analysis of energy intake is limited because energy intake by self-report was not available in each trimester. Additionally, we did not have a weight measurement for each trimester. Our study therefore relies on the assumption that weight gain in pregnancy is linear beyond the first trimester, consistent with the IOM recommendations. Importantly, the systems model allows for differential changes in energy intake in each trimester, which was taken as an average for this study. Additionally, the data were restricted to an academic medical centre in one specific US region. The evaluation of a larger population more representative of the USA is required to evaluate whether our conclusions hold on a larger scale.
Conclusions
Weight gain during pregnancy requires management of maternal energy intake, which is most typically measured through self-report. Clinicians and healthcare providers should be aware of the tendency of pregnant women to under-report energy intake during pregnancy, especially by women with higher income and education levels or a diagnosis of gestational or pre-existing diabetes. Further the ability of the mother to prepare and consume meals at home could be an effective strategy to improve the accuracy of dietary recall and then to enhance diet quality in pregnancy. The systems model can be applied early in intervention to objectively monitor dietary compliance to treatment recommendations.
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